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tained in the positive electrode is composed of crystal- 
line particles of an oxide containing two kinds of transi- 
tion metal elements, the crystalline particles having a 
layered crystal structure, and oxygen atoms constituting 
the oxide forming a cubic closest packing structure. 
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Description 

Technical Field 

[0001 ] The present invention relates to a positive electrode active material, particularly to a positive electrode active 
material for a non-aqueous electrolyte battery. The present invention further relates to a high-capacity and low-cost 
non-aqueous electrolyte secondary battery having a positive electrode containing a specific positive electrode active 
material. 

Background Art 

[0002] In recent years, with the widespread use of cordless and portable AV appliances, personal computers and 
the like, the need has been increasing for compact, fight weight, and high energy density batteries as power sources 
for driving those appliances. In particular, lithium secondary batteries, as having high energy density, are expected to 
be dominant batteries in the next generation, and the potential market thereof is very large. 

[0003] In most of the lithium secondary batteries currently available on the market, LiCoO s having a high voltage of 
4 V is used as the positive electrode active material, but LiCo0 2 is costly because Co is expensive. Under such cir- 
cumstances, research has been progressing to investigate various positive electrode active materiais as substitutes 
for LfCo0 2 . Among them, a lithium-containing transition metal oxide has been wholeheartedly researched: LiNi a Co b O a 
(a + b 1 ) is promising, and it seems that LiMn 2 0 4 having a spinel structure has already been commercialized. 
[0004] In addition, nickel and manganese as substitute materiais for expensive cobalt have also been under vigorous 
research. 

[0005] LiNi0 2 having a layered structure, for example, js expected to have a large discharge capacity, but the crystal 
structure of LiNIO a changes during charging/discharging, causing a great deal of deterioration thereof. In view of this, 
it is proposed to add to LirMi0 2 an element that can stabilize the crystal structure during charging/discharging and thus 
prevent the deterioration. As the additional element, specifically, there are exemplified cobalt, manganese, titanium 
and aluminum. 

[0006] Moreover, prior art examples which use composite oxides of Ni and Mn as the positive electrode active material 
for lithium secondary batteries will be described; U.S. Patent No. 5393622, for example, proposes a method in which 
a hydroxide of Ni, a hydroxide of Mn and a hydroxide of Li are dry-mixed together and baked and, after cooling them 
down to room temperature, the mixture is again heated and baked to obtain an active material having a composition 
represented by the formula Li y Nr 1 _ x Mn x O a wherein 0 ^ x ^ 0,3, 0 ^ y ^ 1 .3. 

[0007] Further, U.S. Patent No. 5370948 proposes a method in which a Li salt, a Ni salt and a Mn salt are mixed 
together into an aqueous solution, followed by drying and baking, to obtain an active material represented by the 
formula LiNi 1 . x Mn x 0 2 wherein 0.005 ^ x ^ 0.45. 

[0008] Further, U.S. Patent No. 5264201 proposes a dry synthesis method in which hydroxides or oxides of nickel 
and manganese and an excess amount of lithium hydroxide are mixed together and baked, and a synthesis method 
in which an oxides of nickel and manganese orthe like are added to a saturated aqueous solution of lithium hydroxide 
to form a slurry, which is then dried and baked under a reduced pressure, to obtain an active material represented by 
the formula Li x Ni 2 . x . y Mn y 0 2 wherein 0.3 ^ x ^ 1.0, y ^ 0,2. 

[0009] Furthermore, U.S. Patent No. 5629110 proposes a dry mixing synthesis method which uses j3-Ni(OH) 2 to 
obtain an active materia! represented by the formula LiNi 1-x Mn x 0 2 wherein 0 < x ^ 0.2, y ^ 0.2. 
[0010] Japanese Laid-Open Patent Publication No. Hei 8-1 71 91 0 proposes a method in which manganese and nickel 
are coprecipitated by adding an alkaline solution into an aqueous solution mixture of manganese and nickel, then 
lithium hydroxide is added and the resulting mixture is baked, to obtain an active material represented by the formula 
LiNi x Mn 1 _ x 0 2 wherein 0.7 ^ x ^ 0.95. 

[0011] Further, Japanese Laid-Open Patent Publication No. Hei 9-129230 discloses a preferable particulate active 
materia/ having a composition represented by the formula LiNi x M 1 , x 0 2 wherein M is at least one of Co, Mn } Cr, Fe, V 
and Al, 1 > x ^ 0.5, and shows a material with x = 0.15 as the active material containing Ni and Mn. 
[0012] Further, Japanese Laid-Open Patent Publication No, Hei 1 0-6991 0 proposes an active material synthesized 
by a coprecipitation synthesis method, represented by the formula U rx1 N\ A ^ 2 M x 0 2 wherein M is Co, Al, Mg, Fe, Mg 
or Mn, 0 < X2 ^ 0.5, 0 ^ x 1 < 0.2, x = x 1 + x 2 , and 0.9 ^ y ^ 1 .3. This patent publication describes that the discharge 
capacity is inherently small If M is Mn, and the essential function of the positive electrode active material for a lithium 
secondary battery intended to achieve a high capacity is dismissed If x 2 is more than 0.5. LiNi 0 6 Mn 0 4 0 2 is exemplified 
as a material having the highest proportion of Mn. 

[0013] It should be noted that, although U.S. Patent No, 5985237 shows a production method of LiMn0 2 having a 
layered structure, this is practically a 3 V level active material. 

[0014] All of the prior art examples disclosed in theaboveU.S. Patents and Japanese Laid-Open Patent Publications 
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are intended to improve the electrochemical characteristics such as the cycle characteristic of LiNi0 2 by adding a trace 
amount of an element to UNi0 2 , while retaining the characteristic properties of UNi0 2 . Accordingly, in the active material 
obtained after the addition, the amount of Ni is always largerthan that of Mn, and the preferable proportion is considered 
to be Ni:Mn = 0.8:0,2. As an example of a material having a proportion with a highest amount of Mn, Ni:Mn = 0.55: 
5 OAS is disclosed. 

[0015] However, in any of these prior art examples, it is difficult to obtain a composite oxide having a single-phase 
crysta! structure since LiNi0 2 is separated from LiMn0 2 . This is because nickel and manganese are oxidized in different 
areas during coprecipitation, and a homogenous oxide is not likely to be formed. 

[0016] As described above, as a substitute material for the currently commercialized LiCo0 2 having a high voftage 
to of 4 V, LiNi0 2 and LiMn0 2 as high-capacity and low-cost positive electrode active materials having a layered structure 
like LiCo0 2 have been researched and developed. 

[0017] However, the discharge curve of LiNi0 2 is not flat, and the cycfe life is short. In addition, the heat resistance 
is low, and hence the use of this materia! as the substitute material for LiCo0 2 would involve a serious problem. In 
view of this, improvements have been attempted by adding various elements to LiiMi0 2 , but satisfactory results have 

*5 not been obtained yet. Further, since a voltage of only 3 V can be obtained with LiMn0 2 , LiMn 2 0 4 which does not have 
a layered structure but has a spinel structure with iow-capacity is beginning to be researched. 
[0018] Namely, required has been a positive electrode active material which has a voltage of 4V, as high as LiCo0 2 , 
exhibits a flat discharge curve, and whose capacity is higher and cost is lower than L(Co0 2 ; further required has been 
a high-capacity non-aqueous electrolyte secondary battery with excellent charge/discharge efficiency, which uses the 

20 above positive electrode active material. 

[001 9] As opposed to this, Japanese Patent Application No. 2000-227858 does not proposes technique for improving 
the inherent characteristics of LiNiQ 2 or those of LiMn0 2 by adding a new element thereto, but proposes a positive 
electrode active materia! composed of a nickel manganese composite oxide which represents a new function by dis- 
persing a nickel compound and a manganese compound uniformly at the atomic level to form a solid solution. 

25 [0020] That is to say, the prior art examples propose plenty of additional elements, but not technically clarify which 
elements are specifically preferred, whereas the above application proposes the positive electrode active material 
which can represent a new function by combining nickel and manganese at about the same ratio. 
[0021] Based on the finding that a nickel-manganese composite oxide exhibiting a new function was obtained by 
dispersing a nickel compound and a manganese compound uniformly in the atomic level to form a solid solution, the 

30 present inventors have made further vigorous examinations on oxides containing various transition metals, together 
with the compositions, crysta! structures, functions and the like thereof. 

[0022] That is, it is an object of the present invention to find a positive electrode active material made of a composite 
oxide exhibiting a further new function using the technology of forming a solid solution by dispersing different transition 
metal elements uniformly in the atomic level. 

35 

Disclosure of Invention 

[0023] The present invention relates to a positive electrode active materia! for a non-aqueous electrolyte battery, 
comprising crystalline particles of a lithium-containing oxide containing two kinds of transition metal elements, the 
40 crystalline particles having a layered crystal structure and oxygen atoms constituting the lithium-containing oxide form- 
ing a cubic closest packing structure. 

[0024] Preferably, the lithium-containing oxide is expressed by formula (1 ): 

45 Li[Li x (A y B 1 . y ) 1 J0 2 

wherein A and B are different transition metal elements, 0 ^ x^ 0.3 and 0 < y < 1 ). That is T the lithium-containing oxide 
expressed by formula (1) contains two kinds of transition metal elements, 

[0025] ft is effective if the two kinds of transition metal elements are selected from the group consisting of iron, nickel, 
so manganese and cobalt. 

[0026] Among the above elements, the nickel element and the manganese element are preferably selected as the 
two kinds of transition metal elements. In other words, in the crystalline particles described above, nickel atoms and 
the manganese atoms are preferably dispersed uniformly. 

[0027] Preferably, in the crystal structure of the crystalline particles, the integral intensity ratio I 0 03^104 °f the X-ray 
55 diffraction peak attributed to Miller indices (003) to that attributed to Miller indices (1 04) is less than 1 . 

[0028] Preferably, the crystal structure of the crystalline particles has powder X-ray diffraction peaks attributed to 
Miller indices (108) and (110) observed as two split peaks, 

[0029] . The lithium-containing oxide preferably contains two kinds of transition metal elements in substantially the 
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same proportion. It is effective if the crystalline particles are spherical in shape. 

[0030] It is effective that the positive electrode active materia! fs composed of a mixture of crystalline particles of the 
lithium-containing oxide having a particle size of 0.1 to 2 u.m and secondary particles of the above crystalline particles 
having a particle size of 2 to 20 fxm. 

[0031] It is effective that the volume of unit cells of the crystalline particles decreases by oxidation. 
[0032] It is effective that the error of the ratio of the nickel element to the manganese element is within 1 0 atomic %. 
[0033J It is effective if the lithium element, the nickel element and the manganese element contained in the lithium- 
containing oxide satisfy 0,97 ^ LiZ(Ni-fMn) ^ 1 .03. 

[0034] To obtain the lithium-containing oxide described above, the preferably used precursor is a hydroxide or an 
oxide containing two or more kinds of transition metals, in which the haif-width of a peak observed in the range of 15 
to 20° m X-ray diffraction peaks measured with Ka ray of copper is 3° or less. 

[0035] In the X-ray diffraction peaks, the peak height H 1 observed in the range of 1 5 to 20° and the peak height H 2 
observed in the range of 30 to 40° preferably satisfy the relation: 

H^2X H 2 . 

[0036] Therefore, the lithium-containing oxide is obtained by mixing the. precursor described above with a lithium 
compound such as lithium carbonate and/or lithium hydroxide and sintering the mixture. The sintering is preferably 
performed at a temperature of 900°C or higher. 

[0037] Alternatively, the lithium-containing oxide is preferably expressed by formula (2): 

UtLi^N^Mn^JO,, 

wherein 0^x^0.3. 

[0038] Otherwise, the lithium-containing oxide is preferably expressed by formula (3): 

Li[Li x (A y B y C p ) Vx ]0 2 

wherein A and B are different transition metal elements, C is at least one kind of an added element different from A 
and B, 0 ^ x ^ 0.3 and 0 < 2y+p < 1 . 

[0039] The added element C is preferably at least one kind selected from the group consisting of aluminum , mag- 
nesium, calcium, strontium, yttrium, ytterbium, iron, nickel, manganese and cobalt 

[0040] The ratio of the amount of the added element C to the total amount of the transition metai elements A and B 
and the added element C is preferably 5 to 35 mol%. 

[0041] According to another aspect, the present invention relates to a non-aqueous electrolyte secondary battery 
comprising: a negative electrode containing a substance capable of absorbing/desorbing at least lithium ions and/or 
metal lithium as a negative electrode active material; a separator; a positive electrode containing the positive electrode 
active material described above; and an electrolyte, 

[0042] According to the present invention, a non-aqueous electrolyte secondary battery with high capacity and good 
charge/discharge efficiency can be provided. 

Brief Description of Drawings 

[0043] 

FIG. 1 is a schematic view of an experimental apparatus used for producing a positive electrode active material 
by coprecipitation method according to the present invention. 

FIG. 2 shows scanning electron microscope (SEM) photographs of the surface of a precursor prepared according 
to the present invention. 

FIG. 3 shows SEM photographs of a section of the precursor prepared according to the present invention, 

FIG. 4 is a schematic view of another experimental apparatus used for producing a positive electrode active material 

by coprecipitation method according to the present invention. 

FIG. 5 shows SEM photographs of a precursor prepared according to the present invention. 
FIG. 6 shows X-ray diffraction patterns of precursors prepared under various conditions in examples and compar- 
ative examples of the present invention. 
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FIG. 7 show X-ray diffraction images of lithium-containing nickel-manganese oxides having various compositions. 
FIG. 8 is a view showing charge/discharge curves of Li[Li x (Ni 1/2 Mn 1/2 ) 1 _ x ]0 2 wherein x is 0.1 , 0.2 and 0.3, respec- 
tive!/. 

FIG. 9 is a view showing charge/discharge curves of Li[Li 0 2 (Ni 1/2 Mn 1/2 ) 0 8 ]0 2 in the range of 5 to 2,5 V. 

FIG, 1 0 is a view showing charge/discharge curves of lithium-containing oxides containing various transition metal 

elements. 

FIG. 11 is a view showing charge/discharge curves of LiCo^Ni^Mn-i^O^ 

FIG. 12 is a schematic vertical cross-sectional view .of a cylindrical battery of an example in accordance with the 
present invention. 

Best Mode for Carrying Out the Invention 



[0044] As described above, a positive electrode active material composed of a nickel-manganese composite oxide 
exhibiting a new function is conventionally obtained by forming a solid solution by dispersing a nickel compound and 

is a manganese compound uniformly In the atomic level. Based on this prior art, the present inventors have found that 
a further new function can be obtained by mixing two kinds of any transition metals if a specific structure is further 
provided. In particular, the inventors have found that it is important from the viewpoint of the composition that the two 
kinds of transition metals should be roughly equal in quantity to each other, and also important from the viewpoint of 
the crystal structure that a layered structure should be established and oxygen atoms should form a cubic closest 

20 packing structure. 

[0045] Preferably, the positive electrode active material of the present invention is composed of crystalline particles 
of a lithium-containing oxide containing two kinds of transition metal elements, wherein the crystalline particles has a 
layered crystal structure, and oxygen atoms constituting the lithium-containing oxide form a cubic closest packing 
structure. 

25 [0046] Hereinafter, the present invention will be sometimes described in detail using nickel and manganese as rep- 
resentatives of the transition metal elements described above, but a new function can also be obtained using other 
transition metal elements by satisfying the conditions described above. 



(1) Composition and structure of positive electrode active material of the present invention 



[0047] First, features of the positive electrode active materiai of the present invention will be described from the 
viewpoint of the crystal structure. 

[0048] Preferably, the positive electrode active material of the present invention preferably has a layered crystal 
structure, and has properties that the integral intensity ratio Iqo^'io* of tne x_ra V diffraction peak attributed to Miller 
35 indices (003) to that attributed to Miller indices (1 04) satisfies I 00 ^'io4 < 1 and that tne P°wder X-ray diffraction peaks 
attributed to Miller indices (108) and (110) are observed as two split peaks. 

[0049] in general, if a material has a layered structure, the integral intensity ratio of (003) to (1 04), [003^1041 satisfies 
Who+ > 1 • LiCo0 2j LiNiO s and the like presently mainly used as the positive electrode active material for lithium 
secondary batteries satisfy this relation. A material satisfying 1 0 03^104 < 1 has a problem that a transition metal drops 
40 in the layer of Li ions in the layered structure, resulting in decreasing the capacity and lowering the usefulness. Also, 
in LiCo0 2l LiNi0 2 and the like, the powder X-ray diffraction peaks attributed to Miller indices (108) and (110) are not 
clearly observed as two split peaks, 

[0050] On the contrary thereto, the positive electrode active material of the present invention has distinctive features 
that Who* < 1 is satisfied and that the (1 08) and (110) peaks are clearly observed as two split peaks. As a result of 
45 structural analysis, it has been almost clarified that the positive electrode active material of the present invention has 
a layered structure and oxygen atoms in the material form a cubic closest packing structure, although the detailed 
atomic locations in the crystal lattice are not yet clarified. 

[0051] Next, features of the positive electrode active material of the present invention will be described from the 
viewpoint of the elemental composition. First, the combination of nickel and manganese will be described. Considering 

so the charge/discharge curves of LiNi0 2 , LiCo0 2 and LiMn0 2 having a layered structure as the reference, the potential 
is 4 V for Co, 3.7 V for Ni, and 3 V for Mn. Therefore, to prepare an active material having a 4\Acfass layered structure, 
it is generally attempted to combine Co and Ni, or add a trace amount of a third element to these elements for stabili- 
zation of the crystal structure while maintaining the potential-related features of these elements. These attempts are 
described in prior art as follows. It is noted that the prior art merely describes that the added element, represented as 

55 M, can be various elements, and has not examined in detail the change in potential related to the added element. 

[0052] U.S. Patent No. 5264201 discloses an active material having a composition of formula Li x Ni 2 _ x _ y M y 0 2 wherein 
0.8 ^ x ^ 1.0 and y ^ 0.2; if M is Co, y < 0.5. As the added element M, Co, Fe, Ti, Mn, Cr and V are disclosed. As is 
found from this prior art, many added elements M are proposed for Ni as the reference, and the added amount is a 
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trace. Therefore, this prior art neither discloses nor suggests the idea of performing the potential- related control with 
the combination of an added element only by adding the added element while maintaining the potential -related feature 
of Ni. Thfs prior art only describes that the added amount is large when it is Co, and it is considered that this combination 
has been examined due to the weil-known facts that Co has a high potential and the potential of Co is roughly equal 
to the potential of Nr. 

[0053] Japanese Laid-Open Patent Publication No. 4-267053 discloses an active material having a composition of 
formula Li x M y N z 0 2 wherein M: Fe t Co, Ni and N: Tl, V, Cr 5 Mn, and describes that the active material is synthesized 
by realizing the voltage of 4 V with the use of element M and by stabilizing the structure with the use of element N. 
[0054J The above idea of the prior art is clearly different from the idea of the present invention that two kinds of 
elements are mixed in roughly the same proportion to obtain a new function. Specifically, the potential of an active 
material having a layered structure including a mixture of Ni and Co in the same proportion is low compared with the 
potential of an active materiaf including Ni alone. On the contrary, the potential of an active material having a layered 
structure including a mixture of Ni and Mn in the same proportion is high compared with the potential of an active 
material including Ni alone. 

[0055] The above phenomenon cannot be expected from the active material having a layered structure including 
Co, Ni or Mn alone, because the potentials of these active materials are higher in the order of Co > Ni > Mn. That is, 
from the prior art and the potentials of the single materials, it is expected that the voltages of the active materials are 
higher in the order of Ni-Co > Ni > Ni-Mn and, however, they are higher in the order of Ni-Mn > Ni > Ni-Co in actual. 
That is, the opposite phenomenon occurs, This indicates that development of a new function is possible by mixing two 
kinds of transition metals in the same proportion to synthesize an active material having a layered structure. Thus, the 
present invention also includes the obtainment of a new function by using, not only the combination of Ni and Mn in 
the same proportion, but also a combination of other transition metai elements in the same proportion. For example, 
the use of Ni, Mn, Fe, Co and 71 is suggested. 

[0056] Among others, the combination of nickel and manganese is preferred for the following reason. When the 
lithium-containing oxide is used in the positive electrode active materiaf for lithium secondary batteries, Li goes in/ 
comes out from crystals by charge/discharge. When a general active material is used, the electron conductivity of the 
active material decreases in the final stage of discharge, and therefore the discharge curve becomes slow. This is 
considered to be polarization caused by decrease of the electron conductivity. However, in the combination of nickel 
and manganese, the electron states inherent to the respective elements interact with each other and, therefore, it Is 
possible to suppress the electron conductivity from significantly decreasing in the final stage of discharge. As a result, 
the charge/discharge curve depicts a desirable flat shape. 

(2) Production method of positive electrode active material of the present invention 

[0057] To obtain the positive electrode active material of the present invention , some contrivance is also required for 
the method for synthesizing the lithium-containing oxide. 

[0058] Co nventionally, for synthesis of a lithium-containing oxide as the positive electrode active material, hydroxides, 
oxy hydroxides, oxides and the like containing relevant elements are mixed and the mixture is sintered. For example, 
for synthesis of LiNi 0 5 Mn 0 5 0 2 , a typical material of the present invention, LiOH'H 2 0, Ni(OH) 2 and MnOOH are mixed 
sufficiently at a ratio of 2:1:1 (mole ratio), and then the mixture is sintered at a temperature appropriate for progress 
of the reaction. 

[0059] The dry mixing synthesis method as described above is described in U.S. Patent Nos. 5393622, 5370948 
and 5264201 and each of these publications describes that the dry synthesis method is adequate since the content of 
Mn is small. 

[0060] Actually, however, in the dry mixing synthesis method disclosed in the above publications, it is difficult to 
incorporate nickel and manganese together in the atomic level , and thus a single phase is not easily obtained. On the 
contrary, if the mixture powder of the three kinds of elements described above comprises sufficiently fine particles, as 
fine as 0.3 u,m or less, for example, a single phase can be obtained as long as observed from the X-ray diffraction pattern. 
[0061] Moreover, it has been found that a more ideal oxide is obtainable by coprecipitation method as follows com- 
pared with that obtained by the dry mixing sintering method described above. 

[0062] Recent research has revealed that wet coprecipitation method can provide good results when employed for 
production of a nickel composite oxide. For example, a nickel-manganese coprecipitation method is disclosed in Jap- 
anese Laid-Open Patent Publication No. 8-171910. The coprecipitation method is a technique of precipitating two 
elements simultaneously in an aqueous solution by use of neutralizing reaction to obtain a composite hydroxide as a 
precursor. So far, a normal coprecipitation method is sufficient for the conventional use of replacing a part of nickels 
with a small amount of another element However, the conventional method is useless for the purpose of the present 
invention because a higher-level technology is required to incorporate both the nickel element and the manganese 
element in substantially the same amount in the atomic level. Moreover, when the hydroxide as the precursor obtained 
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by the coprecipitation method js made to react with lithium to obtain the target lithium-containing composite oxide, the 
electrochemical properties of the resultant battery largely vary with the particle shape of the composite oxide. The 
conventional method finds difficulty in controlling the variation. In addition, the sintering temperature should be appro- 
priately selected because it largely affects the electrochemical properties. 

5 [0063] That is to say, the coprecipitation method is preferred for incorporating two kinds of transition metal elements 
together in the atomic level. When two kinds of transition metal elements are to be incorporated by the coprecipitation 
method, they are in the form of ions (divalent ions when the elements are nickel and manganese) in an aqueous 
solution. It is desirable for the two elements to be present with keeping the same valence and be coprecipitated by 
neutralization with a simultaneously dropped alkali. However, when the two transition metal elements are nickel and 

10 manganese, manganese is so susceptible to oxidation that it is oxidized even with a trace amount of dissolved oxygen 
existing in the aqueous solution to become trivalent ions. Due to the resultant mixed presence of divalent ions and 
trivalent ions, sufficient incorporation of the elements in the atomic level cannot be achieved. 

[0064] According to the present invention, to suppress the occurrence described above, dissolved oxygen is removed 
by bubbling inert gas such as nitrogen or argon in the aqueous solution, or an antioxidant (reducing agent) such as 
is hydrazine is added to the aqueous solution in advance. Thus, the present invention is distinguished from the prior art 
in that the coprecipitation is performed in an inert atmosphere. 

[0065] To attain a layered structure for the crystal structure of crystalline particles of an oxide containing two kinds 
of transition metal elements and aiso attain a cubic closest packing structure for oxygen atoms constituting the oxide, 
in an oxidation atmosphere, for example, the oxide is sequentially subjected to primary sintering (400 to 650°C when 
20 lithium salt is lithium hydroxide, 600 to 650°C when lithium salt is lithium carbonate), pulverization as required, sec- 
ondary sintering {950 to 1000°C) and tertiary sintering (700 to 800°C). 

[0066] The oxide having the crystal structure described above exhibits the properties that the integral intensity ratio 
Wi04 of the x " ra y diffraction peak attributed to Miller indices (003) to that attributed to Miller indices (1 04) satisfies 
! 003 /1 104 < 1 and that the powder X-ray diffraction peaks attributed to Miller indices (108) and (110) are observed as 
25 two split peaks. 

[0067] According to the present invention, selection of nickel and manganese as the especially preferred combination 
of transition metal elements has important meaning, which is different from the addition of a trace amount of various 
elements for improvement of LiNi0 2 as in the prior art. 

[0068] The ratio of the two kinds of transition metal elements is ideally 1 :1 , No compound having this ratio has yet 
30 been commercialized. The synthesis method in the present invention is an improved coprecipitation method andfurther 
has some contrivance in the sintering conditions. The particle shape of the resultant active material and even the 
electrochemical properties thereof vary with the coprecipitation conditions and the subsequent sintering conditions 
and, therefore, conditions suitable for the purpose may be selected. 

[0069] The production of a positive active material by the coprecipitation method wiil be described in more detail 
35 below. FIG. 1 is a schematic view of an experimental apparatus used for this production. As the raw materials, nickel 
sulfate and manganese sulfate were used. 

[0070] A mixed solution of each 1 .2 mol/liter of an aqueous NiS0 4 solution and an aqueous MnS0 4 solution, 4,8 
mol/llter of an aqueous NaOH solution, and 4.8 mol/liter of an aqueous NH 3 solution are put in a reaction bath 1 
simultaneously at a rate of 0.5 milliliter/mtn. A cylindrical tube 2 is placed in the reaction bath 1, and an agitating rod 

40 3 js provided inside the tube. 

[0071] A hydroxide as a precursor is obtained by coprecipitation inside the tube. At the same time, downward force 
(toward the bottom of the reaction bath) is applied with the agitating rod placed inside the tube. With this force, micro- 
crystals of the hydroxide obtained collide with one another, to grow crystals. In this way, crystalline particles are formed. 
[0072] The particles pass outside the tube and are taken out from the system by overflow. The resultant particles 

45 have been made substantially spherical with the force during collision and the like. The temperature in the reaction 
bath is kept at 30 to 50 6 C. 

[0073] If dissolved oxygen exists in the aqueous solution, manganese is very easily oxidized changing from divalent 
to trivalent. Therefore, when it is intended to obtain p type Ni^Mn^OH)^ such dissolved oxygen must be purged from 
the reaction bath by taking measures such as bubbling inert gas such as nitrogen or argon or adding some reducing 
50 agent, to thereby suppress oxidation of manganese. 

[0074] On the contrary, when it causes no problem to obtain, or rather it is intended to obtain, a type Nl 1 . x Mn x (OH) 2 
- xS0 4 2 - . yH 2 0, the dissolved oxygen in the solution may be effectively used, 

[0075] According to experiments performed by the present inventors, it has been found from the results of X-ray 
diffraction images that a hydroxide with higher crystaliintty is obtained in a low-temperature range of about 30°C. This 
55 type of reaction bath permits continuous high-speed production of a composite hydroxide and therefore is very useful 
from the industrial point of view. However, the particle size distribution of the resultant particles is wide, and thus 
particles with various sizes are mixed. 

[0076] In addition, the large spherical particles having a size exceeding 1 0 ujn tend to remain on the bottom of the 
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reaction bath and thus are less easily taken out and, for this reason, care must be taken not to form such farge size 
particles. 

[0077] FIG, 2 shows scanning electron microscope (SEM) photographs of the surface of a typical particle obtained 
with the reaction bath described above, 

[0078] FIG. 3 shows SEM photographs of the section of a typical particle obtained with the reaction bath. The mag- 
nifications of these photographs are 1 0OOx, 3000x, 1 0OOOx and 30000x. 

[0079] From (a) and (b) of FIGS. 2 and 3, it is found that the particle is substantially spherical. From (C) and (d) of 
FIG. 2, it is found that the surface of the particle has projections and depressions uniformly like crimps and that the 
particles are porous, From the SEM photographs of FIG. 3, it is found that the uniform crimps on the surface are also 
observed inside the particles and that the particles are porous having roughJy uniform sized pores. For reference, an 
example of the results of chemical analysis (element analysis) of the resultant composite hydroxide is shown in Table 1 , 



Table 1 



Composition 


Ni(%) 


31.7 


Ni(mol/g) 


0.00540 


Co(%) 


0.054 


Fe(%) 


0,053 


Cu(%) 


^ 0,001 


Mn(%) 


28.5 


Mn(mol/g) 


0.00519 


Na(%) 


0.17 


Cf(%) 


=i 0.05 


so 4 (%) 


0,073 


Tap density (g/cc) 


0.65 


Buik density (g/cc) 


0.44 


Particle size {\im) 


12.0 


Mn:Ni ratio 


0.98:1,02 



[0080] To obtain a spherical composite hydroxide with a higher density and a larger particle size, the production 
method may be modified as follows. FIG. 4 shows a schematic view of a modified experimental apparatus, in the 
apparatus shown in FIG. 4, a mixed solution is led into a reaction bath 6 via a feed iniet 5 with a pump 4, to aliow the 
mixed solution to flow upward from bottom and collide with microcrystals precipitating by coprecipitation. A material 
collector 7 is placed in the lower portion of the apparatus. Therefore, in the above system, crystalline particles having 
an increased specific gravity, of which crystallization has developed to some extent, drop to finally reach the collector 
7 in the lower portion and, however, immature crystalline particles are pressed back upward with the force of the solution 
flowing upward from the lower portion, to thereby be prevented from dropping to the lower portion. 
[0081 ] By the above method, a high-density composite hydroxide having a large particle size of 1 0 to 20 u,m and a 
tap density of 2.2 g/cm 3 can be obtained. 

[0082] FIG. 5 shows typical SEM photographs of particles obtained by the method described above. FIG, 5 (a), (b) 
and (c) are SEM photographs of 1 OOQx, 2000x and 20000x, respectively. It is found that a large spherical particle filled 
with crystallites at high density is formed, which is a little different from the porous particle described above. Afthough 
the crystalline particles may be left in the state of hydroxide, they may be dried/sintered at a low temperature to be 
changed an oxide if change with time during preservation may cause a problem. 

[0033] As described above, according to the present invention, both parous spherical particles and high-density 
spherical particles can be produced by changing the conditions of the coprecipitation depending on the use. Moreover, 
the particle size can be freely controlled from a small size to nearly 20 lliti. The crystal linity, which can be observed by 
means of X-ray, can also be controlled by appropriately changing the temperature of the reaction bath. 
[0084] Thereafter, the resultant hydroxide or oxide as the precursor is mixed with a lithium source such as lithium 
hydroxide, and the mixture is sintered, to thereby obtain Li y Ni 1 . x Mn x 0 2 as the target positive electrode active material 
for lithium secondary batteries. 
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[0085] As the lithium source, lithium hydroxide may be used. When the use of lithium carbonate was examined, the 
target single phase was obtained and, however, lithium hydroxide was superior to lithium carbonate in the aspects of 
control of the particle shape, the crystallinity and the [ike. 

[0086] It is desirable to supply lithium uniformly to reach the inside of the spherical nickel -manganese hydroxide 
5 (precursor). The use of lithium hydroxide is idealistic in this respect, because lithium hydroxide is melted first at a 
relatively low temperature, lithium is supplied into the inside of the particles of the nickel-manganese hydroxide, and 
then, oxidation gradually occurs from outside of the particles with increase of the temperature, 
[0087] When lithium carbonate is used, decarboxylation must be undergone once, which occurs at a high temperature 
compared with the case of use of lithium hydroxide. Therefore, decarboxylation and oxidation occur roughly at the 
io same time. This is considered the reason for the superiority of lithium hydroxide in the aspects of control of the particle 
shape and the crystallinity. 

[0088] Next, preferred sintering conditions will be described. 

[0089] The nickel-manganese composite hydroxide as the precursor and lithium hydroxide are mixed sufficiently in 
the dry state. It is ideal to mix lithium hydroxide and the nickel-manganese hydroxide so that the atomic ratio of Li to 
15 Ni and Mn satisfies Li/(Nh-Mn) = 1 . However, for control of the sintering temperature and the particle shape, the amount 
of one element may be somewhat increased or decreased. For example, when the sintering temperature is high, or 
when it is desired to increase the size of primary particles after sintering, the amount of lithium to be mixed may be 
somewhat increased. An increase/decrease by about 3% is preferable. 

[0090] A further preferred precursor will be described. The preferred state of this precursor can be identified from 
20 the half-width of a low-angle peak observed with X-ray diffraction and the peak pattern intensity ratio, it is noted that 
the present invention is sometimes described in detail using nickel, manganese and cobalt as representatives of the 
transition metal elements, but a preferred precursor can also be obtained using other transition metal elements. 
[0091] FIG. 6 shows X-ray diffraction patterns of precursors prepared under various conditions. For preparation of 
these precursors, it is preferable to take measures such as bubbling inert gas such as nitrogen or argon in the aqueous 
25 solution to remove dissolved oxygen or adding an antioxidant {reducing agent) such as hydrazine to the aqueous 
solution In advance, during the coprecipitation described above. With progress of the reduction, the hydroxide as the 
precursor may possibly become magnetic. When this occurs, the magnetism should preferably be removed by applying 
magnetic field or the like. 

[0092] The added amount of hydrazine varies with the conditions such as the size of the reaction bath, the temper- 
so ature, the pH, the stirring speed, the concentration of the reactant, and the like. Those skilled in the art would be able 
to conduct appropriate control to obtain the X-ray diffraction patterns described above. 

[0093] In FIG. 6, (a) represents a material obtained by eutectic reaction of Ni, Mn and Co at 1:1:1, and (b) to (j) 
re p resen t materials obtained by eutectic reaction of Ni and Mn at 1 :1 , In observation of these peak patterns, it is found 
that there are two significant differences between the group of (a) and (b) and the group of the other items. 
35 [0094] The first difference is that, in (c) to Q), a very sharp peak exists at 36*. In particular, the peak in (e) is particularly 
sharp and very recognizable. 

[0095] The peak patterns (c) to (j) have broad peaks as a whole, but locally have a sharp peak X (see FIG. 6) as is 
typically observed in (e). These peaks are considered attributed to manganese oxides, in particular, Mn 2 0 3 , and are 
indicated in No. 330900 of JCPDS card. 
40 [0096] Therefore, in an oxide or a hydroxide obtained by eutectic reaction of nickel and manganese with/without 
cobalt, \\ is preferable that the elements are mixed in the atomic level, but there is the possibility that uneven distribution 
already exists at this time. It has been found that if an oxide or a hydroxide having such an observable Mn 2 0 3 peak is 
used, the resultant battery decreases in capacity, as will be described later in Examples. 

[0097] The second difference is that in (a) and (b), the peak half-width observed in the range of 15 to 20° is small 
45 compared with that in the others. In addition, in the analysis of (a) to (j) in FIG. 6, it is found that the height H-, of the 
peak observed in the range of 15 to 20° is extremely high compared with the height H 2 of the peak observed in the 
range of 30 to 40°, satisfying the relation: 



[0098] The difference described above indicates that in (a) and (b) the crystallinity has already developed to some 
extent in the precursor. This is easily recognized by comparing (a) and (b) with (i) and Q). In (i) and (j), although there 
is no evident Mn 2 0 3 peak, the peak intensity ratio and the half-width are clearly different from those in (a) and (b). 
55 [0099] Conventionally, in some cases, the performance of actually produced positive electrode active materials and 
batteries using these materials vary subtly depending on the lot although they are produced under the same conditions. 
However, by using the precursor of the present invention having the pattern shown in (a) or (b) for synthesis of a positive 
electrode active material composed of a lithium-containing transition meta! oxide, it is possible to provide a positive 
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electrode active material with which the resultant batteries are small in capacity variation regardless of the lot and also 
small In capacity deterioration rate. 

[0100] To obtain the positive electrode active material having a specific structure, it is ideal to satisfy Li/(Ni+Mn) = 
1, and it is also possible to increase this ratio for various purposes to be described later That is, a lithium-containing 
oxide expressed by formula (2): 

wherein 0 ^ x ^ 0,3. If the atomic ratio of lithium in the lithium-containing oxide is further increased, the electric capacity 
as the active material decreases and also synthesis of the target layered-structure active material tends to" fail. There- 
fore, it fs preferable to satisfy 0 ^ x ^ 0.3, and particularly preferable to satisfy 0.03 ^ x ^ 0.25. The atmosphere for 
sintering may be an oxidation atmosphere. In this examination, the ordinary atmosphere was used. 
[0101] As an example, three kinds of lithium-containing oxides expressed by formula (2) in which x was 0.1 y 0.2 and 
0.3, respectively were synthesized. In the synthesis, the amount of lithium hydroxide was adjusted to attain each of 
the above ratios when a nickel-manganese composite hydroxide as the precursor prepared by the coprecipitation 
method and lithium hydroxide were mixed sufficiently in the dry state. The resultant oxide was subjected to primary 
sintering at500°CforB hours, pulverization with Masscolfo ider, secondary sintering at 950°C for 10 hours, and tertiary 
sintering at 700°C for 5 hours, to have the specific crystal structure described above. It is possible to confirm that the 
crystal structure of crystalline particles of the oxide is a layered structure and that oxygen atoms constituting the oxide 
form a cubic closest packing structure, by analyzing the pattern of the powder X-ray diffraction image with the Rietveld 
method. 

[0102] FIG. 7 shows X-ray diffraction images of the resultant active materials. As is clear from FIG. 7, for ail the 
cases of the value of x being 0.1 , 0.2 and 0.3, substantially the same X-ray diffraction pattern as that obtained when 
Li/(NI+Mn) = 1 demonstrated In the top of the figure was observed. That is, the crystal structure is roughly the same 
for all the cases. 

[0103] However, with increase of the (003) peak, the (003) to (1 04) peak intensity ratio varies. As a result, the range 
of the integral intensity ratio W'ioi of tne x ~ ra y diffraction peak attributed to (003) to that attributed to (104) may be 
somewhat deviated from f O 03^i04 < 1 • 

[0104] The above deviation is considered caused by, not change in crystal structure, but a subtle change in dispersion 
intensity ratio due to the change of the ratio of the lithium element to the transition metals. Both the a-axis length and 
the c-axis fength decreased with the increase of the ratio of the lithium element to the transition metals. 

(3) Properties of positive electrode active material of the present invention 

[0105] Next, the electrochemical properties of the resultant positive electrode active materials were evaluated by 
producing coin-shaped batteries, 

[01 06] Coin-shaped batteries were produced in the following manner Each of the positive electrode active materials 
obtained by sintering at various temperatures, acetylene black as a conductive material, and a polyvinylidene fluoride 
resin (PVDF) as a binder were mixed at a weight ratio of 80:1 0:1 0, to obtain a sheet-shaped molded article. The molded 
article was stamped into a disk shape and dried under vacuum at 80°C for about 15 hours, to obtain a positive electrode. 
Also, a sheet-shaped lithium metal was stamped into a disk shape, to obtain a negative electrode. A polyethylene 
microporous film was used as a separator, and 1 mol of LiPF 6 was dissolved in a mixed solvent of ethylene carbonate 
(EC) and ethyl methyl carbonate (EMC) at 1 :3 (volume ratio) to prepare an electrolyte. 

[0107] Coin-shaped batteries of 2016 size (20 mm in diameter and 1 .6 mm in thickness) were produced using the 
above materials by a normal method. The produced coin-shaped batteries were repeatedly charged/discharged in the 
range of 3.0 to 4.5 V at a constant current value equivalent to the 10 hour rate. As a result, in all the cases, an initial 
charge/discharge capacity of 150 mAh/g or more was obtained and the discharge voltage was in the level of 4 V. 
[0108] FIG. 8 shows charge/discharge curves, in the overlap state, of Li[Li x (Ni 1/2 Mn 1/2 ) 1 _J0 2 wherein x is 0.1 , 0.2 
and 0.3 as the positive electrode active materials having the specific structure of the present invention. From this figure, 
it is found that the charge/discharge potentials of these three materials are the same. Also, only the charge/discharge 
capacity varies in proportion of the total amount of the transition metais. From this, in addition to the X-ray diffraction 
patterns in FIG, 7, it is found that these three materials have the same structure. Moreover, using this feature, the 
charge/discharge capacity can be controlled by controlling the quantity of the lithium element in the material freely 
within this range while maintaining the charge/discharge potential constant. Thus, the present invention, which enables 
non-electrochemical synthesis of the material having such charge/discharge behavior, presents a guideline for novel 
material design. 

[0109] FIG. 9 shows charge/discharge curves of Li[Li 02 (NI 1/2 Mn 1/2 ) 0 a ]0 2 in the range of 5 to 2.5 V. This material is 
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normally controlled to a potential up to 4.3 V with respect to the lithium metal for application to a battery. This also 
applies to generally available LiCo0 2 . However, in the event of failure of this control, the material is overcharged, that 
ts r charged up to near 5 V. Once in such an overcharged state, the crystal structure of LiCo0 2 becomes very unstable. 
This will be described later in Example 4 for the case of LiNi0 2 , which also applies to the case of LiCo0 2 . However, 
5 Li[Li 0 2 (Ni 1/2 Mn 1/2 ) 0 a ]0 2 largely changes its crystal structure by the first charge, to have a thermally stable structure. 
As is found from the charge/discharge curves shown in FIG. 9, a clear difference exists between the first charge behavior 
and the subsequent charge/discharge behavior. Entirely different behavior is also shown forthe charge/discharge curve 
up to 4.3 V shown in FIG. 8, 

[0110] The same results were obtained for the active material expressed by Li[U 0i1 (Ni iy2 Mn 1/2 )o.g]0 2 and the active 
10 material expressed by Li[Li 03 (Ni 1/2 Mn 1/2 ) 07 ]O 2 . Therefore, from the results for Li[Li x {Ni 1/2 Mn 1/2 ) 1 . x ]0 2 {X=G. 1-0.3) 
containing lithium excessively as described above, there is found a merit that the thermal stability of the active material 
at an overcharge can be improved by the mechanism described above. No prior art discloses or suggests this idea, 
and thus the present invention presents a guideline for entirely novel material design. 

[0111] Next, the difference of the present invention in which a new function is observed by mixing two kinds of 
is transition metals in substantially the same proportion from the prior art in which stabilization of the structure is intended 
by adding a trace amount of some eiement to a materia! such as LiNiO a as the reference, will be described again based 
on the experiment results. 

[01 12] Conventionally, to prepare an active material having a 4V-class layered structure, it is generally attempted to 
combine Co and Ni, or add a trace amount of a third element to these elements for stabilization of the crystal structure 

20 while maintaining the potential-related features of these elements. These prior art techniques are clearly different from 
the present invention In which two kinds of elements are mixed in roughly identical proportion to develop a new function. 
[01 13] To state more specifically, it is expected from the potentials of the prior art active material and active materials 
containing transition metal elements singly that the voltages of oxides containing Ni-Co, Ni and Ni-Mn will be higher 
in the order of Ni-Co > Ni > Ni-Mn. Actually, however, the voltages are higher in the order of Ni-Mn > Ni > Ni-Co, which 

25 is the reverse of the expected order. FIG. 10 shows an example of this phenomenon. Taking LiNi0 2 as the reference, 
the potential decreases when Co is added, while the potential increases when Mn is added f contrary to the expectation 
that it will decrease. From this result, also, it is clear that a new function can be developed by mixing two kinds of 
transition metals in the same proportion to synthesize an active material having a layered structure. 
[01 14] The research related to the present invention has been conducted focusing on LiNi-,. x Mn x 0 2 . And, it has been 

30 clarified that a new function is developed when nickel and manganese are incorporated in each other in substantially 
the same proportion. It is easily predictable that added values will be obtained by further adding a further new eiement 
to the material. 

[0115] For example, consider a material expressed by formula LiNi 1 . > ,Mn x A 2 0 2 . It is expected that by adding alumi- 
num, magnesium, calcium, strontium, yttrium, ytterbium orthe like as A in an adequate amount, the resultant material 
35 will improve in thermal stability. It is also expected that by adding another transition metal as A, the cycle life and the 
polarization will be improved. Further, by combining these elements, it is expected that these improvements are ob- 
tained simultaneously. 

[01 16] A specific example will be described. By addition of cobalt as a transition metal, the polarization can be im- 
proved. Whilethe ratio of nickel to manganese of 1 :1 was maintained because this ratio was Important, cobalt of roughly 
40 the same quantity as that of each of nickel and manganese was added to these elements, to obtain an oxide expressed 
by formula LiCo^Ni^Mn-j^O^ and the charge/discharge curves of the resultant material were shown in FIG. 11 . As 
is found from this figure, the polarization in the final stage of discharge decreases compared with the case of 
LiNi 1/2 Mn 1/2 0 2 . Substantially the same effect was observed when iron was added. 

[0117] It is known that thermal stability improves by addition of aluminum, which will be described in Examples to 
45 be described later. 

[01 18] It is effective to add any of these elements in an amount of 5 to 35 moj% with respect to the total amount of 
the added element and the transition metal elements. If the amount is less than 5 mol a / 0j no sufficient effect will be 
obtained. If the amount exceeds 35 mol%, the capacity will djsadvantageously decreases. The elements to be added 
other than cobalt are preferably added to only the surface portion of crystalline particles of the lithium-containing oxide. 

50 

(4) Non-aqueous electrolyte secondary battery 

[0119] In the following, a description will be given of other constituent materials that can be used when fabricating 
a non-aqueous electrolyte (lithium) secondary battery using the positive electrode active material of the present inven- 
ts tion. 

[0120] The electrically conductive material used in the positive electrode material mixture for the production of the 
positive electrode of the present invention is not limited to a particular material, but any electronically conductive material 
can be used as long as the material does not cause any chemical change in the fabricated battery. Examples include: 
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graphites such as natural graphite (scafe graphite and the (ike) and artificial graphite; carbon blacks such as acetylene 
black, Ketjen black, channel black, furnace black, lamp black and thermal black; electrically conductive fibers such as 
carbon fiber and metallic fiber; metallic powders such as carbon fluoride powder, copper powder, nickel powder, alu- 
minum powder and sifver powder; electrically conductive whiskers such as zinc oxide whisker and potassium titanate 
whisker; electrically conductive metaf oxides such as titanium oxide; and electrically conductive organic materials such 
as polyphenyiene derivatives. These materials can be used alone or in any combination thereof within the scope that 
does not impair the effect of the present invention. 

[0121] Among them, artificial graphite, acetylene black and nickel powder are particularly preferable. The amount of 
the electrically conductive material to be added is not particularly specified, but from 1 to 50 % by weight is preferable, 
and from 1 to 30 % by weight is particularly preferable. In the case of carbon and graphite, from 2 to 15 % by weight 
is particularly preferable, 

[0122] For the binder used in the positive electrode material mixture of the present invention, a polymer having a 
decomposition temperature of 300 °C or higher is preferable. Examples inciude polyethylene, polypropylene, poly- 
tetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), tetrafluoroethylene-hexafiuoroethylene copolymer, 
tetrafluoroethylene-hexaftuoropropyiene copolymer (FEP), tetrafluoroethylene-perfluoroaikyl vinyl ether copolymer 
(PFA), vinylidene fluoride-h exafluoropropyiene copolymer, vinylidene flu oride-chlorotrif I uoroethylene copolymer, eth- 
ylene-tetrafluoroethylene copolymer (ETFE resin), polychlorotrifiuoroethyiene (PCTFE), vinylidene flu o ride-pen taf I uor- 
opropylene copolymer, propylene-tetrafluoroethyfene copolymer, ethyfene-ch I orotrifiuo methylene copolymer (ECT- 
FE), vinylidene fluoride-hexafluoropropylene-tetraf I uoroethylene copolymer, and vinylidene fluoride-perfluoromethyl 
vinyl ether-tetraffuoroethyiene copolymer. These materials can be used alone or in any combination thereof within the 
scope that does not impair the effect of the present invention. 

[0123] Among them, polyvinylidene fluoride (PVDF) and poiytetrafluoroethylene (PTFE) are most preferable. 
[0124] The material, which constitutes the current collector for the positive electrode is not limited to a particular 
material, but any electronically conductive material can be used as long as the material does not cause any chemical 
change in the fabricated battery. The current collector may comprise, for example, stainless steel, nickel, aluminum, 
titanium, various alloys or carbons, or a composite material such as aluminum or stainless steel with the surface thereof 
treated with carbon, nickel, titanium or silver. 

[0125] Among them, aluminum or an aluminum alloy is preferable. The surface of these materials may be treated 
with oxidization. Also, the surface of the collector may be roughened by surface treatment. As for the current collector 
shape, any shape commonly employed in the field of batteries can be used. Examples of the shape include a foil, a 
film, a sheet and a net, a punched sheet, a lath body, a porous body, a foamed body, fibers and a non-woven fabric. 
The thickness is not particularly specified, but the thickness of from 1 to 500 ,um is preferable. 
[01261 The negative electrode active material used in the present invention can comprise a compound, which can 
absorb and desorb a lithium ion, such as lithium, alloys such as lithium alloys, intermetalHc compounds, carbon, organic 
compounds, inorganic compounds, metal complexes and organic polymer compounds. These materials can be used 
alone or in any combination thereof within the scope that does not impair the effect of the present invention. 
[0127] As the lithium alloys, there are exemplified Li-AJ based alloys, Li-AI-Mn based alloys, Li-AI-Mg based alloys, 
Li-AI-Sn based alloys, Li-AI-ln based alloys, U-AI-Cd based alloys, Li-AI-Te based alloys, Li-Ga based ailoys, Li-Cd 
based alloys, Li-ln based alloys, Li-Pb based alloys, Li-Bi based alloys, Li-Mg based alloys and the like. In this case, 
the lithium content is preferably 1 0% by weight or higher. 

[01 28] As the alloy and intermetallic compounds, there are compounds of a transition metal and silicon, compounds 
of a transition metal and tin and the like. A compound of nickel and silicon is preferable. 

[0129] As the carbonaceous materials, there are coke, pyrolytic carbon, natural graphite, artificial graphite, meso- 
carbon microbeads, graphite mesophase particles, gas phase grown carbon, vitrified carbons, carbon fiber (polyacry- 
ionitrile type, pitch type, cellulose type and gas phase grown carbon), amorphous carbon and carbons obtained by 
baking organic materials. These materials can be used alone or in any combination thereof within the scope that does 
not impair the effect of the present invention. Among them, graphite materials such as graphite mesophase particles, 
natural graphite, and artificial graphite are preferable. 

[0130] It is to be noted that the carbonaceous material may contain, in addition to carbon, such dissimilar compounds 
as O, B, P, N, S, SiC and B 4 C. The content of such material is preferably from 0 to 10 % by weight. 
[0131] As the inorganic compounds, there are tin compounds and silicon compounds for example, and as the inor- 
ganic oxides, there are titanium oxide, tungsten oxide, molybdenum oxide, niobium oxide, vanadium oxide and iron 
oxide for example. 

[0132] As the inorganic chalcogenides, there are, for example, iron sulfide, molybdenum sulfide and titanium sulfide. 
[0133] As the organic polymer compounds, there are, for example, polymer compounds such as poiythiophene and 
polyacetylene. And as the nitride, there are, for example, cobalt nitride, copper nitride, nickel nitride, iron nitride and 
manganese nitride. 

[0134] These negative electrode materials may be used in combination; for example, a combination of carbon and 
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an alloy and a combination of carbon and an Inorganic compound are possible. 

[0135] The average particle size of the carbon material used in the present invention is preferably from 0.1 to 60 jim, 
and more preferably from 0,5 to 30 |a.m. The specific surface is preferably from 1 to 10 m a /g. In terms of the crystal 
structure, graphite having a hexagonal lattice spacing (d 002 ) of carbon is from 3.35 to 3.40 A and a size (LC) of the 
5 crystalline in the c-axis direction of 1 00 A or larger, is preferable. 

[0136] In thepresent invention, since thepositive electrode active material comprises Li, a negative electrode material 
(carbon or the like) that does not comprise Li can be used. However, it is preferable to add a small amount of Li (about 
0.01 to 10 parts by weight per 100 parts by weight of the negative electrode material) into such a negative electrode 
material with no Li, because if part of Li atoms becomes inactive by reacting with the electrolyte, for example, it can 

10 be supplemented with the Li added in the negative electrode material. 

[0137] To add Li into the negative electrode material as thus described, Li is impregnated into the negative electrode 
material by applying a heated and melted lithium metal onto the current collector to which the negative electrode 
material is pressed and adhered, or Li is electrochemical^ doped into the negative electrode material by attaching a 
lithium metal in advance into an electrode group by pressing and adhering or other means and immersing the whole 

15 into an electrolyte solution, 

[0138] The electrically conductive material used in the negative electrode material mixture is not limited to a particular 
material but, as in the case of the electrically conductive material used in the positive electrode material mixture, any 
electronically conductive material can be used as long as the material does not cause any chemical change in the 
fabricated battery. If the carbonaceous material is used for the negative electrode, the electrically conductive material 

20 need not necessarily be added because the carbonaceous material itself has electronic conductivity 

[01391 For the binder used in the negative electrode material mixture, either a thermoplastic resin or a thermosetting 
resirr can be used, but a polymer having a decomposition temperature of 300 °C or higher is preferable. 
[0140] Examples for the binding agent include polyethylene, polypropylene, polytetrafluoroethylene (PTFE), polyvi- 
nylidene fluoride (PVDF), styrene-butadiene rubber, tetrafluoroethylene-hexafluoropropylene copolymer (FEP), 

25 tetrafluoroethylene-perfluoroalkyl vinyl ether copolymer (PFA), vinylidene ftuoride-hexafluoropropylene copolymer, vi- 
nylidene fluoride-chlorotrifluoroethyfene copolymer, ethyl ene-tetrafluoroethylene copolymer (ETFE resin), polychloro- 
trifluoroethylene (PCTFE), vinylidene fluoride-pentafluoropropyfene copolymer, propylene-tetrafluoroethylene copoly- 
mer, ethylene-chlorotrifluoroethylene copolymer (ECTFE), vinylidene fluoride-hexafluoropropylene-tetrafluoroethylene 
copolymer and vinylidene fluoride-perfluoromethyl vinyl ether-tetrafluoroethylene copolymer. Among them, styrene- 

30 butadiene rubber and polyvjnylidene fluoride are preferably used, and styrene-butadiene rubber is most preferably 
used. 

[01 41] The material of the current collector for the negative electrode is not limited to a particular material, but any 
electronically conductive material can be used as long as the material does not cause any chemical change in the 
fabricated battery. As the material constituting the current collector, there are, for example, stainless steel, nickel, 
35 copper, titanium, carbon, a material such as copper or stainless steel with the surface treated with carbon, nickel, 
titanium or silver, or an Al-Cd alfoy. Among them, copper or a copper alloy is preferable. The surface of these materials 
may be treated with oxidization. Also, the surface of the collector may be roughened to form convex and concave by 
surface treatment. 

[0142] As for the current collector shape, a foil, a film, a sheet, a net, a punched sheet, a lath body, a porous body, 
40 a foamed body, or fiber molding can be used, as in the case for the above positive electrode. The thickness is not 
particularly specified, but the thickness between 1 jxm and 500 u.m is preferable. 

[0143] In addition to the electrically conductive material and the binder, a filler, a dispersing agent, an ion conducting 
material, a pressure reinforcing agent, and other various additives may be added in the electrode material mixture. 
Any fibrous material can be used for the filler as long as it does not cause any chemical change in the fabricated battery, 

45 Usually, a fiber comprising an olefin polymer fiber such as polypropylene or polyethylene, a giass fiber or a carbon 
fiber is used. The amount of the filler to be added is not particularly specified, but from 0 to 30 % by weight is preferable. 
[0144] The positive electrode and negative electrode used En the present invention may each have, in addition to the 
mixture layer containing the positive electrode active material or negative electrode material, other layers such as a 
base coat layer intended, for example, to improve the adhesion between the collector and the mixture layer, the electrical 

so conductivity, the cycle characteristics, and the charge/discharge efficiency, and a protective layer intended for mechan- 
ical and chemical protection of the mixture layer. The base coat layer and the protective layer may contain a binder or 
electrically conductive material particles or electrically non-conductive particles. 

[0145] An Insulating microporous thin film having a large ion permeability and a specified mechanical strength may 
be used as the separator. Preferably, the film has the function of closing the pores and increasing the resistance at a 
55 temperature of 80°C or higher. A sheet or non-woven fabric made of an olefin polymer such as polypropylene or 
polyethylene alone or in combination thereof, or made of glass fiber is used because of the resistances thereof to an 
organic solvent and hydrophobicity, 

[0146] It Is desirable that the pore diameter of the separator be made small enough to prevent the active material, 
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the binder, the conductive material and the like separated from the electrode sheet from passing through the separator; 
for example, a diameter of from 0.1 lo 1 u,rn is desirable. As for the separator thickness, a thickness of from 10 to 300 
jim is usually preferable. Porosity is determined in accordance with the electron or ion permeability, the material used, 
the film thickness and the like, and generally a porosity of from 30 to 80% is desirable. Further, when a flame retardant 
or nonflammable materia! such as glass or metal oxide film Is used, the safety of the battery is further enhanced. 
[0147] The non-aqueous electrolyte used in the present invention comprises a solvent and a lithium sait dissolved 
in the solvent. The preferable solvent is one ester or an ester mixture. Above all, cyclic carbonates, cyclic carboxyiic 
acid esters, non-cyclic carbonates, aliphatic carboxyiic acid esters and the like are preferably exemplified. Further, 
solvent mixtures of cyclic carbonates and non-cyclic carbonates, solvent mixtures of cyclic carboxyiic acid esters, and 
solvent mixtures of cyclic carboxyiic acid esters and cyclic carbonates are preferably exemplified. 
[0148] Other solvents to be used in concrete examples of the aforesaid solvents and in the present invention will be 
exemplified as follows: 

[0149] Esters, which may be used as the non-aqueous solvent include, for example, cyclic carbonates such as eth- 
ylene carbonate (EC), propylene carbonate (PC), butylene carbonate (BC) and vinylene carbonate (VC), non-cyclic 
carbonates such as dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), and dipropyl 
carbonate (DPC), aliphatic carboxyiic acid esters such as methyl formate (MF), methyl acetate (MA), methyl propionate 
(MP) and ethyl propionate (MA), and cyclic carboxyiic acid esters such as y-butyro lactone (GBL). 
[0150] For cyclic carbonates, EC, PC, VC and the like are particularly preferable; for cyclic carboxyiic acid esters, 
GBL and the like are particularly preferable; and for non-cyclic carbonates, DMC, DEC, EMC and the like are preferable. 
Further, aliphatic carboxyiic acid esters may also be preferably used, if occasion demands. Preferably, the aliphatic 
carboxyiic acid ester is contained in an amount of 30% or less, and more preferably 20% or less, of the total weight of 
the solvent. 

[0151] The solvent in the electrolyte solution of the present invention may contain known aprotic organic solvents, 
in addition to the above esters in an amount of 80% or more. 

[0152] Lithium salts dissolved in these solvents include, for exampie, LiCI0 4 , LiBF 4 , LiPF 6 , LiAICI 4 , LiSbF s , LiSCN, 
LiCF 3 S0 3l LiCF 3 C0 2 , Li(CF 3 S0 2 ) 2 , LiAsF 63 LiN{CF 3 S0 2 ) 2 > LiB 10 CI 10 , lithium lower aliphatic carboxylate, chloroborane 
lithium, lithium tetraphenyl borate, and imides such as LiN{CF 3 S0 2 )(C 2 F 5 S0 2 ), LiN(CF 3 S0 2 ) 2 , LiN(C 2 F 5 S0 2 ) 2 and 
LiN(CF 3 S0 2 )(C 4 F 9 S0 2 ). These salts can be used in the electrolyte alone or in any combination thereof within the scope 
that does not impair the effect of the present invention. Among them, it is particularly preferable to add LiPF 6 . 
[0153] For the non-aqueous electrolyte used in the present invention, an electrolyte containing at least ethylene 
carbonate and methyl carbonate, and containing LiPF G as a lithium salt, is particularly preferable. An electrolyte con- 
taining GBL as the main solvent is preferred, and in this case, it is preferable to add an additive such as VC in an 
amount of several %, and to use a saft mixture of LiBF 4 and LiN(C 2 F 5 S0 2 ) 2 as the lithium salt instead of LiPF 6 , 
[0154] The amount of the electrolyte used in the battery is not particularly specified, but a suitable amount should 
be used according to the amount of the positive electrode active material and negative electrode material and the size 
of the battery. The amount of the lithium salt to be dissolved in the non-aqueous solvent is not particularly specified, 
but from 0.2 to 2 mo l/l is preferable, and from 0.5 to 1 .5 mo l/l is more preferable. 

[0155] The electrolyte is used normally by being impregnated or filled into the separator comprising, for example, a 
porous polymer, glass filter, or non-woven fabric. 

[0156] To make the electrolyte nonflammable, a halogen-containing solvent such as carbon tetrachloride orchloro- 
trifluoroethylenemay be contained in the electrolyte. Also, carbon dioxide gas may be added in the electrolyte to confer 
suitability for high temperature storage. 

[0157] Instead of the liquid electrolyte, a solid electrolyte as described below can also be used. The solid electrolyte 
is classified to inorganic or organic solid electrolyte. 

[0158] As the inorganic solid electrolyte, nitrides of Li, hafides of Li, and oxysalt of Li are well known. Among them, 
Li 4 SiO +r Lt 4 Si0 4 -Lil-LiOH, xLi 3 P0 4 ~(1-x)Li 4 Si0 4 , Li 2 SiS 3 > Li 3 P0 4 -Li 2 S-SiS 2 and phosphorus sulfide compounds are 
effectively used. 

[0159] As the organic solid electrolyte, on the other hand, there are polymer materials such as polyethylene oxide, 
polypropylene oxide, polyphosphazone, polyaziridlne, polyethylene sulfide, polyvinyl alcohol, polyvinylidene fluoride, 
poiyhexafluoropropylene, and the derivatives, the mixtures and the complexes thereof are effectively used. 
[0160] It is also possible to use a gel electrolyte formed by impregnating the above non-aqueous liquid electrolyte 
into the organic solid electrolyte. For the organic solid electrolyte here, polymer matrix materials such as polyethylene 
oxide, polypropylene oxide, polyphosphazone, polyaziridine, polyethylene sulfide, polyvinyl alcohol, polyvinylidene flu- 
oride, polyhexafiuoropropylene, and the derivatives, the mixtures and the complexes thereof, are effectively used. In 
particular, a copolymer of vinylidene fluoride and hexafluoropropylene and a mixture of polyvinylidene fluoride and 
polyethylene oxide are preferable. 

[0161] As for the shape of the battery, any type such as coin type, button type, sheet type, cylindrical type, flat type 
and rectangular type can be used. In the case of a coin or button battery, the positive electrode active material mixture 
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and negative electrode active material mixture are compressed into the shape of a peilet for use, The thickness and 
diameter of the pellet should be determined according to the size of the battery. 

[0162] In the case of a sheet, cylindrical or rectangular type battery, the positive electrode active material mixture 
and negative electrode active material mixture are usually applied (for coating) onto the current collector, and dried 

5 and compressed for use. A well known applying method can be used such as a reverse roil method, direct roll method, 
blade method, knife method, extrusion method, curtain method, gravure method, bar method, casting method, dip 
method, and squeeze method. Among them, the blade method, knife method, and extrusion method are preferable. 
[01 63] The application is conducted preferably at a rate of from 0.1 to 1 00 m/min. By selecting the appropriate ap- 
plying method according to the solution properties and drying characteristics of the mixture, an applied layer with good 

10 surface condition can be obtained. The application to a current collector can be conducted on one side of the current 
collector, or on the both sides thereof at the same time. Preferably, the applied layers are formed on both sides of the 
current collector, and the applied layer on one side may be constructed from a plurality of layers including a mixture 
layer. The mixture layercontains a binder and an electrically conductive material, in addition to the material responsible 
for the intercalation and releasing of a lithium ion, like the positive electrode active material or negative electrode 

15 material. In addition to the mixture layer, a layer containing no active material such as a protective layer, a under coating 
layer formed on the current collector, and an intermediate layer formed between the mixture layers may be provided. 
It is preferable that these active-material non-containing layers contain an electrically conductive particle, an insulating 
particle and a binder. 

[0164] The application may be performed continuously or intermittently or in such a manner as to form stripes. The 
20 thickness, length, and width of the applied layer is determined according to the size of the battery, but preferably, the 
thickness of the applied layer on each side, after being dried and compressed, is from 1 to 2000 um 
[0165] For drying or dehydration method of the pellet and sheet as the mixture, a commonly employed method can 
be used. Preferably, heated air, vacuum, infrared radiation, far infrared radiation, electron beam radiation and low 
humidity air are used alone or in any combination thereof. 
25 [0166] The temperature used is preferably within the range of 80 to 350 °C, and more preferably 1 00 to 250 °C. The 
water content of the battery as a whole is preferably held to 2000 ppm or less, and for the positive electrode material 
mixture, negative electrode material mixture and electrolyte, it is preferable to hold the water content to 500 ppm or 
less in view of the cycle characteristics. 

[01 67] For the sheet pressing method, a commonly employed method can be used, but a mold pressing method and 
30 calender pressing method are particularly preferable. The pressure for use is not particularly specified, but from 0.2 to 
3 t/cm a is preferable. In the case of the calender pressing method, a press speed is preferably from 0.1 to 50 m/min. 
[0168] The pressing temperature is preferably between room temperature and 20Q°C. The ratio of the width of the 
positive electrode sheet to the width of the negative electrode sheet is preferably at 0,9 to 1 .1 , and more preferably at 
0.95 to 1 .0. The ratio of the content of the positive electrode active material to the content of. the negative eiectrode 
35 material cannot be specified because it differs according to the kind of the compound used and the formulation of the 
mixture, but those skilled in the art can set an optimum value considering the capacity, cycle characteristics and safety. 
[0169] The wound eiectrode structure in the present invention need not necessarily be formed in a true cylindrical 
- shape, but may be formed in the shape of an elliptic cylinder whose cross section is an ellipse or in the shape of a 
rectangular column having a prismatic shape or a rectangular face, for example. 
40 [0170] The present invention will now be described with reference to representative examples, but it will be recog- 
nized that the invention is not limited to the particular examples given hereinafter. 

Example 1 and Comparative Example 1 

45 [0171] FIG. 12 is a schematic vertical cross-sectional view of a cylindrical battery produced in this example. 

[01 72] A battery case 1 1 houses an electrode plate group 1 4 composed of a positive electrode plate and a negative 
electrode plate wound in a helical shape with a separator therebetween forming a plurality of windings, A positive 
electrode lead 1 5 is drawn out from the positive electrode plate and connected to a sealing piate 12, while a negative 
eiectrode lead 1 6 is drawn out from the negative electrode plate and connected to the bottom of the battery case 1 1 . 

50 The battery case and the lead plates may be made of a metal or an alloy that is resistant to an organic electrolyte and 
has electron conductivity. Examples of such a metal and alloy include metals such as iron, nickel, titanium, chromium, 
molybdenum, copper and aluminum and alloys of these metals. In particular, one machined from a stain less steel piate 
or an Al-Mn alloy plate is most suitable for the battery case, aluminum for the positive electrode lead, and nickel for 
the negative electrode lead. Also, for the battery case, various engineering plastics and these in combination with 

55 metals may be used for reduction in weight. 

[0173] Insulating rings 17 are placed on the top and bottom of the electrode plate group 14. After an electrolyte is 
injected, the battery case is sealed with the sealing plate, A safety valve may be placed at the sealing plate. In addition 
to the safety valve, various conventionally known safety, elements may be placed. For example, as the overcurrent 
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prevention element, a fuse, bimetal, a PTC element or the like may be used. As measures against rise of the hternai 
pressure of the battery case other than placement of the safety valve, the following methods may be employed: forming 
a sHt through the battery case, cracking a gasket, cracking the sealing plate f and disconnecting the lead plate. A 
protection circuit incorporating a measure against overcharge and overdischarge may be connected to a charger, 
[0174] As a measure against overcharge, a system of shutting off the current due to rise of the internal pressure of 
the battery may be provided. For this system, a compound for increasing the internal pressure may be contained in 
the mixture or the electrolyte. Examples of such a compound for increasing the internal pressure include carbonates 
such as Li 2 C0 3 , LiHC0 3j Na 2 CG 3: NaHC0 3 , CaC0 3 and MgC0 3 . The cap, the battery case, the sheet and the lead 
plates may be welded by a known method (for example, DC or AC electric welding, laser welding or ultrasonic welding). 
As the sealant for the sealing plate, a conventionally known compound or mixture such as asphalt may be used. 
[0175] The positive electrode plate was produced in the following manner. Ten parts by weight of carbon powder as 
the conductive material and 5 parts by weight of a polyvinyl dene fluoride resin as the binder were mixed with 85 parts 
by weight of the positive electrode active material powder of the present invention. The resultant mixture was dispersed 
in dehydrated N-methyl pyrrolidinone to obtain slurry, and the slurry was applied to a positive electrode current collector 
made of aluminum foil, which was then dried, rolled, and cut to a predetermined size. The negative electrode piate 
was produced in the following manner. A carbonaceous material as the main material was mixed with a styrene-buta- 
diene rubber binder at a weight ratio of 100;5 and, the resultant mixture was applied to both surfaces of copper foil, 
which was then dried, roHed, and cut to a predetermined size. As the separator, a polyethylene microporous film was 
used. As the organic electrolyte, that obtained by dissolving 1 .5 mol/liter of LiPF 6 in a mixed solvent of ethylene car- 
bonate and ethyl methyl carbonate in a volume ratio of 1 :1 was used. The resultant cylindrical battery was 1 B mm in 
diameter and 650 mm in height 

[01 76] As the positive electrode active material, used were four kinds of positive electrode active materials expressed 
by formula (2) Li[Li x (Ni 1/2 Mn- f1 ^) 1 J0 2 wherein x was 0, 0.1, 0.2 and 0.3. 

[01 77] For comparison, a cylindrical battery was produced in the following manner using LiCO a as the positive elec- 
trode active material. Table 2 shows the results of comparison of the electric properties of these batteries. 
[0178] The batteries were subjected to charge/discharge, in which they were first charged up to 4.2 V with a constant 
current of 1 00 mA and then discharged down to 2.0 V with the constant current of 1 00 mA. This charge/discharge was 
repeated for several cycles, and once the battery capacity became constant, the capacity was checked. 
[0179] The conditions for the check of the capacity are as follows. As the charge, 4.2 V constant voltage charge was 
performed with a maximum current of 1 A. The charge was terminated when the current value reached 50 mA. As the 
discharge, 300 mA constant current discharge was performed down to 2.5 V. The discharge capacity obtained at this 
time was determined as the discharge capacity of the battery. The charge/discharge was conducted in an atmosphere 
of 25°C. The high-rate discharge ratio was obtained in the following manner; regarding the battery capacity is 1C, the 
discharge capacity at a current value in the 5 hour rate discharge (0.2C) and the discharge capacity at a current value 
in the 0.5 hour rate discharge (2C) were measured, and the capacity ratio 0.2C/2C was calculated. The low-temperature 
discharge ratio was obtained by measuring the discharge capacities obtained when discharged at the 1C current at 
20"C and at -1 0*C and ca/culating the discharge capacity ratio (-1 O^C^O'C). The cycle life was obtained by calculating 
the ratio of the capacity after 1 00 cycfes to the initial capacity. 



Table 2 





x in 

Li[Li x (Ni 1/2 Mn 1/2 ) ,_J 

o 2 


Capacity 
(mAh) 


High-rate discharge 
ratio (%) 


Low-temp, discharge 
ratio (%) 


Cycle life 


Ex.1 


0 


1588 


95 


70 


90 


0.1 


1576 


95 


70 


91 


0.2 


1545 


96 


72 


92 


0.3 


1490 


96 


71 


92 


Comp. Ex.1 


LiCoQ 2 


1500 


92 


50 


85 



[0180] When the oxide expressed by Li[Li x (Ni 1/2 Mn 1/2 ) 1 J0 2 was used as the positive electrode active material, 
charge/discharge was repeated at substantially the same discharge voltage as described above. Also, as is found from 
Table 2, the battery capacity decreases with increase of the value of x and, therefore, the charge/discharge capacities 
can be controlled by controlling the quantity of the lithium element freely within the above range. Thus, the present 
invention capable of non-electrochemicafly synthesizing the positive electrode active material with such charge/dis- 
charge behavior, presents a guideline for novel material design. 
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[0181] Moreover, from the results shown in FIG. 2, it is found that the batteries of the present invention are superior 
in all the items tested. Therefore, by applying the materials of the present invention to lithium secondary batteries as 
the positive electrode active material, the resultant batteries can be superiorto the conventionally mainstream batteries 
using LiCo0 2 . 

Example 2: Reduction in polarization 

[0182] LiNi0 2 and LiMn0 2 are not so good in electron conductivity. Therefore, large polarization occurs in the final 
stage of discharge, causing decrease in capacity particularly during high-rate discharge. The nickel element and the 
manganese element have different electron structures. When these elements are incorporate together in the atomic 
level, one electron structure interacts with the electron structure of the neighboring different element 
[0183] in the combination of nickel and manganese, the above phenomenon especially functions to improve the 
electron conductivity of the material, whereby conductivity is rendered. This is considered verifiable by computational 
chemistry such as a DV-xa Method. 

[0184] When the composition of the oxide is LiNi 1/2 Mn 1/2 0 2 , polarization can clearly be reduced compared with the 
cases of LiNi0 2 and LiMn0 2 . Further, polarization can be reduced by adding another transition metal element while 
maintaining the 1:1 nickel-manganese ratio. In this example, an oxide expressed by formula LiCo 1/3 IMi 1/ 3Mn 1/3 0 2 was 
synthesized. The high-rate discharge rate measurement shown in Table 3 was also performed in this example by 
producing the battery shown in FIG. 12. 



Table 3 







High-rate discharge ratio (%) (2C/0.2C, 20°C) 


Ex.2 


LiNi 1/2 Mn 1/2 0 2 


95 


LiCo 1/3 Ni 1/ 3Mn 1/3 0 2 


97 


Comp.Ex.1 


LiCoQ 2 


92 



[0185] From Table 3, it is found that the high -rate discharge rate improved by addition of the cobalt element. The 
reason is presumably as follows. The discharge voltage sharply decreases in the final stage of discharge. By the 
addition of cobalt, the voltage drop in this part was presumably improved. The same effect was also observed when 
this element was added. 

Example 3: Stability of material 

[01 86] When U is removed from LiNi0 2 by charging, LiNi0 2 becomes very unstable and is reduced to NiO releasing 
oxygen at a comparatively low temperature. This is fatal when LiNi0 2 is used as the positive electrode active material 
of a battery, and the battery may possibly be led to thermal runaway, that is, ignition or explosion due to oxygen gen- 
erated, 

[0187] The above problem can be improved by incorporating manganese at a ratio of 1:1. The batteries used in 
Example 1 were overcharged to as high as 4.8 V, and then disassembled to collect the positive electrode mixtures. 
The mixtures were measured with a differential scanning calorimeter (DSC) as they were. The heat peaks observed 
at the lowest temperature obtained at this time are shown in Table 4, 

[0188] It is well known that the thermal stability Improves by adding aluminum. The test described above was also 
performed for a positive electrode active material obtained by adding aluminum to LiNi 1/2 Mn 1/2 0 2 . The added amount 
of aluminum was 10 at.% of the total amount of the nickel and cobalt elements. The battery shown in FIG. 12 was 
produced as in Example 1 , overcharged to as high as 4.8 V, and subjected to the DSC measurement. The results are 
also shown in Table 4. 
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Table 4 





x in UtLi^Ni^Mn^ J0 2 


1st peak temperature 
( a C) of DSC measurement 


Ex.3 


0 


168 


0,1 


173 


0.2 


181 


0.3 


190 


0 

10 at.% of Al added 


195 


Comp.Ex.1 


LiCoO a 


118 



E0189] From Table 4, it is found that the exothermal temperature rose compared with the comparative example. Also, 
the exothermal temperature roses as the value of x of formula Li[Li x (Ni 1 y 2 Mn 1/ 2)i- x ]02 increased. The reason is regarded 
as follows. 

[0190] As shown in FIG, 9, the crystal structure of Li[Li x (Ni 1/2 Mn 1/2 ) 1 _ x ]G2 greatly changes by overcharge and this 
brings thermal stability. Jt is therefore considered that the thermal stability of Li[Li x (Ni 1/2 Mn 1/2 ) 1 _ x ]0 2 (x = 0.1 to 0.3) 
with excessively added U improves by overcharge due to the mechanism described above. Moreover, it is found that, 
with addition of aluminum, the exothermal temperature further rose and thus the thermal stability significantly increased. 
The added amount of aluminum was examined and it was found that the range of 5 to 35 moi% with respect to the 
total amount of aluminum and the transition metals exhibited preferable results. When the added amount was less 
than 5 mold, no sufficient effect was obtained and, when it exceeded 35 mol%, the capacity decreased, 
[01 91 ] In the above examples, a carbonaceous material was used as the negative electrode active material for eval- 
uation of the performance of the positive electrode but the material for the negative electrode is not limited to this and, 
therefore, afloys, lithium metal, relatively low potential oxides and nitrides^ and the like may be used. In the above 
examples, as the electrolyte, that obtained by dissolving 1 .5 mol/liter of LiPF 6 in a mixed solvent of ethylene carbonate 
and ethyl methyl carbonate in a volume ratio of 1 :1 was used. The electrolyte is not limited to this, but an organic or 
inorganic solid electrolyte may be used. 

Examples 4 and 5 and Comparative Examples 2 to 9; Peak of precursor 

[0192] A mixed solution of 1 .2 mol/liter of an aqueous nickel sulfate solution, 1 .2 mol/liter of an aqueous manganese 
sulfate solution, and 1.2 moi/liter of an aqueous cobalt sulfate solution, as weil as 4.8 mol/nter of an aqueous NaOH 
solution and 4,3 mol/liter of a NH 3 solution, were fed into the reaction bath 6 of the apparatus shown in FIG. 4 at a rate 
of 0.5 milliliter/rninute, to obtain a nickel-manganese-cobalt composite hydroxide as a precursor "a" of the present 
invention. Dissolved oxygen in the reaction bath was purged by bubbling argon gas, Afso, hydrazine was added under 
adjustment to prevent a magnetic substance such as excessively reduced CoO from being Included in the precursor 
as the reactant. The X-ray diffraction pattern of the precursor "a" is shown in (a) of FIG. 6. 

[0193] The precursor "a" and lithium hydroxide were mixed so that the atomic ratio of Li to Ni, Mn and Co satisfies 
Li/(Ni+Wn+Co) = 1 , and the mixture was heated to 1 000°C at one rise and sintered at this temperature for 1 0 hours. 
After the sintering, the temperature was first lowered to 700°C, at which annealing was performed for 5 hours, and 
then gradually lowered, thereby to obtain the positive electrode active material "a" (LiNi^Mn-j /^0y^O 2 ) of the present 
invention (Example 4). 

[0194] A nickel-manganese oxide (nickel:manganese = 1:1) as a precursor "b" of the present invention was also 
obtained in the same manner as that described above except that cobalt sulfate was not used. The X-ray diffraction 
pattern of the precursor "b" ts shown in (b) of FIG, 6. 

[0195] The precursor "b" and lithium hydroxide were mixed so that the atomic ratio of Li to Ni and Mn satisfied Li/ 
(Ni+Mn) = 1 , and the resultant mixture was heated to 1 000°C at one rise and sintered at this temperature for 1 0 hours. 
After the sintering, the temperature was first lowered to 700°C, at which annealing was performed for 5 hours, and 
then gradually lowered, thereby to obtain the positive electrode active material "b" (UNi 1/2 Mn 1/2 0 2 ) of the present 
invention (Example 5). 

[0196] Nickel-manganese hydroxides "c* to "f (nickel:manganese =1:1) were obtained in the same manner as that 
described above except that neither bubbling of argon gas nor addition of hydrazine was performed. The X-ray diffrac- 
tion patterns of these hydroxides are shown in (c) to {]) of FIG. 6. Using the hydroxides c to j and lithium hydroxide, 
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the positive electrode active materiais "c" to "j" were obtained in the manner described above (Comparative Examples 
2 to 9). 

[0197] The electrochemical properties of the resultant positive electrode active materials were evaluated by produc- 
ing coin-shaped batteries. 

5 [01 98] The coin-shaped batteries were produced in the following manner. The positive electrode active materials "a" 
to "j" obtained at various sintering temperatures, acetylene black as the conductive material, and a polyvinylidene 
fluoride resin (PVDF) as the binder were mixed at a weight ratio of 80:10:10, to obtain a sheet-shaped molded article. 
The molded article was stamped into a disk shape and dried under vacuum at 80°C for about 15 hours, to obtain a 
positive eiectrode. Also, a sheet-shaped lithium metal was stamped into a disk shape, to obtain a negative electrode, 

10 A polyethylene microporous film was used as a separator One mol of LiPF 6 was dissolved in a mixed solvent of 
ethyfens carbonate (EC) and ethyl methyl carbonate (EMC) in 1 :3 (volume ratio) to prepare an electrolyte. 
[0199] Coin-shaped batteries of 2016 size (20 mm in diameter and 1 .6 mm in thickness) were produced using the 
above materials by a normai method, and the produced coin-shaped batteries were discharged at 4.3 V at a constant 
current value equivalent to the 1 0 hour rate. The discharge capacity per gram of each of the positive electrode active 

1^ materials was obtained. The results are shown in Table 5. 

[0200] In addition, cylindrical batteries were produced as in Exampie 1 1 and the cycle life was obtained as in Example 
1 . The results are shown in Table 5. 



Table 5 



20 



25 



30 



35 



Precursor 


Composition 


Discharge capacity (mAh/g) 


Cycle life 


a 


LiNi 1/3 Mn 1/3 CG 1/3 0 2 


165 


100 


b 


LiNi 1/2 Mn 1/2 02 


155 


102 


c 


LiNi 1/2 Mn l/2 0 2 


142 


69 


d 


UNi 1/2 Mn 1/2 O a 


139 


68 


e 


LiNi 1/2 Mn 1/2 02 


138 


65 


f 


LiNii /2 Mn- j ; 2 0 2 


140 


68 


g 


LiNi 1/2 Mn 1/2 0 2 


136 


65 


h 


LiNi 1/2 Mn 1/2 0 2 


145 


72 


i 


LiNi 1/2 Mn 1/2 0 2 


146 


75 


j 


LiNi 1/2 Mn 1/2 0 2 


144 


73 



Industrial Applicability 

[0201] According to the present invention, inexpensive nickel-manganese composite oxide can be effectively used 
40 as the positive electrode active materiai, and a good non-aqueous electrolyte battery with high capacity and high 
charge/discharge efficiency can be provided. 



Claims 

45 

1. A positive electrode active material for a non-aqueous electrolyte battery, comprising crystalline particles of a 
lithium-containing oxide containing two kinds of transition metal elements, 

said crystalline particles having a layered crystal structure, and 

oxygen atoms constituting said lithium-containing oxide forming a cubic closest packing structure, 

50 

2. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 , wherein 
said lithium-containing oxide is expressed by formula (1); 

55 

where A and B are different transition metal elements, 0 ^ x^ 0.3 and 0 < y < 1 , 
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3. The positive electrode active material for a non-aqueous electrolyte battery in accordance with ciaim 1 , wherein 
said two kinds of transition metal elements are selected from the group consisting of iron, nickel, manganese and 
cobalt. 

4. The positive electrode active material for a non-aqueous efectrolyte battery in accordance with claim 3, wherein 
said two kinds of transition metaf elements are nickel element and manganese element. 

5. The positive electrode active materia! for a non-aqueous electrolyte battery in accordance with claim 1 f wherein 
the integral intensity ratio I003/I104 of the X-ray diffraction peak attributed to Miller indices (003) to that attributed 
to Miifer indices (104) satisfies I 0 03^104 < 1 in said crystal structure of said crystalline particles. 

6. The positive efectrode active material for a non -aqueous electrolyte battery in accordance with claim 1 , wherein 
the powder X-ray diffraction peaks attributed to Miller indices (108) and (110) are observed as two split peaks in 
said crystal structure of the crystalline particles. 

7. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 , wherein 
said lithium-containing oxide contains two kinds of transition metal elements in substantially the same proportion. 

8. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1, wherein 
said crystalline particles are spherical in shape. 

9. The positive electrode active material for a non -aqueous electrolyte battery in accordance with claim 1 , comprising 
a mixture of crystalline particles of said lithium-containing oxide having a particle size of 0, 1 to 2 jxm and secondary 
particles of said crystalline particles having a particle size of 2 to 20 urn. 

10. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 , wherein 
the volume of unit cells of said crystalline particles decreases by oxidation. 

11. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1, wherein 
the error of the ratio of the nickel element to the manganese element is within 1 0 atomic %. 

12. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 , wherein 
said lithium-containing oxide is obtained by using a hydroxide or an oxide containing two or more kinds of transition 
metals as a precursor, in which the half-width of a peak observed in the range of 15 to 20° in X-ray diffraction 
peaks measured with Kct ray of copper is 3° or less. 

13. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 1 , wherein, 
in the X-ray diffraction peaks, the peak height H 1 observed in the range of 15 to 20° and the peak height H 2 
observed in the range of 30 to 40° satisfy the relation: 

H^2x H 2 . 

14. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 11 , wherein 
said lithium-containing oxide is obtained by mixing said precursor with a lithium compound such as lithium car- 
bonate and/or lithium hydroxide and sintering the mixture. 

15. The positive electrode active material for a non-aqueous electrolyte battery in accordance with ciaim 13, wherein 
said sintering is performed at a temperature of 900*0 or higher 

16. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 4, wherein 
said lithium-containing oxide is expressed by formula (2): 

where 0^x^0.3. 
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17, The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 7, wherein 
said lithium-containing oxide is expressed by formula (3): 

Lr[Li x (A y B y C p ) 1 . x ]0 2 

where A and B are different transition metal elements, C is at least one kind of an added element different from A 
and B, 0 % x ^ 0.3 and 0 < 2y+p < 1 . 

1 8. The positive electrode active material for a non-aqueous electrolyte battery in accordance with claim 1 6, wherein 
said added element C is at least one kind selected from the group consisting of aluminum, magnesium, cafcium, 
strontium, yttrium, ytterbium, iron, nickel, manganese and cobalt 

19. The positive efectrode active material for a non-aqueous electrolyte battery in accordance with claim 1 6, wherein 
the ratio of the amount of said added element C to the total amount of said transition metal elements A and B and 
said added element C is 5 to 35 mol%. 

20, A non-aqueous electrolyte secondary battery, comprising: a negative electrode containing, as a negative electrode 
active material, a substance capable of absorbing/desorbing lithium ions and/or metal lithium; a separator; a pos- 
itive electrode containing the positive electrode active material in accordance with claim 1 ; and an electrolyte. 
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